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PREFACE 

The U.S. Army Research Laboratory (ARL) has an ongoing effort to analyze the kinetics of 

a ceramic/glass-reinforced plastic (GRP) composite when impacted by a kinetic energy penetrator. 

This work documents the time-derived dynamic deformation of the rear composite when impacted 

by nonperforating L/D 3.2 tungsten penetrators (17 mm @ x 55 mm, 214 g) at impact velocities 

of about 1,000 m/s. This research was conducted for ARL by the Fraunhofer-lnstitut tir 

Kurzzeitdynamik Ernst-Mach-lnstitut, Weil am Rhein, Germany, between September 1993 and 
t 

5 
May 1995. The images were obtained with the state-of-the-art, high-speed photographic 

5 capability available at the Ernst-Mach-lnstitut, specifically two 24-spark Cranz-Schardin cameras. 

This equipment allows observation of up to 24 time-derived images at predetermined time 

intervals of less than 1 p, if desired. In this analysis, the time intervals were increased to allow 

observation of the dynamic bulging of the rear GRP/composite in both the horizontal and vertical 

planes over long time intervals of up to 1,800 ps. The composite panels were of two 

sizes-300 mm x 300 mm and 600 mm x 600 mm-and were attached to the steel test frame by 

different techniques. One goal of this work was to examine the effect of panel size and 

attachment techniques on the dynamic bulge. From these data, the time delay of the initial 

bulging of the rear face of the composite, the bulge velocity, and maximum bulge height could 

be determined. Since the majority of these tests were nonperforating impacts and the penetration 

velocity of this projectile into the ceramic is known, further insight into the kinetic transfer to the 

composite is possible. 

This ARL report provides a greater dissemination of the final report of Contract DAJA 45-93-C- 

0045, prepared for the European Research Office (ERO) of the U.S. Army, which oversaw the 

contract for the Armor Mechanics Branch, Terminal Effects Division, Weapons Technology 

Directorate of ARL. The Armor Mechanics Branch would like to specifically thank Dr. Roy 

e Reichenbach of ERO for his assistance in this matter. 

. 

L The Armor Mechanics Branch ‘would also like to acknowledge the long-term professional 

interaction with Mr. Senf and Mr. Strapburger, which has led to many fruitful technical exchanges 
. during the course of this work 

. Any questions or request for clarifications can be directed to Mr. William Gooch, Armor 

Mechanics Branch, (410) 278-6080. 



INTENTIONALLY w-r i3iMK. 

. 

. 



P 

5 
c 

1. 

2. 

3. 

TABLE OF CONTENTS 

Paqe 

PREFACE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iii 

LIST OF FIGURES ............................................... vii 

LIST OF TABLES ............................................... viii 

INTRODUCTION ................................................. 1 

EXPERIMENTAL PROGRAM AND RESULTS ............................ 1 

SUMMARY .................................................... 33 

ACKNOWLEDGEMENT ........................................... 33 

DISTRIBUTION LIST ............................................. 35 

V 



INTENTIONALLY LEFT BLANK. 

vi 



Fiqure 

LIST OF FIGURES 

Paoe 

2.1 

2.2 

2.3 

c 2.4 

2.5 

2.6 

2.7 

2.8 

2.9 

2.10 

2.11 

L 
: 

2.12 

3 2.13 

2.14 
. 

2.15 

Schematic of the experimental configuration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2 

Shadowgraphs of shot no. 10968 
Sideview .................................................... 4 

Topview .................................................... 5 

Distance-time curves of shot 10968 .................................... 6 

Photographs of the impacted target, shot no. 10968 
a) Impactedside .............................................. 7 

b) Side view, showing the delamination .............................. 7 

Shadowgraphs of shot No. 10997 
a)Sideview .................................................. 9 

b)Topview ................................................. 10 

Distance-time curves of shot no. 10997 ................................ 11 

Photographs of the impacted target, shot no. 10997 
a)lmpactedview ............................................. 12 

b) Side view, no delamination .................................... 12 

Shadowgraphs of shot no. 11000 .................................... 13 

Distance-time curve of shot no. 11000 ................................. 14 

Photographs of the impacted target, shot no. 11000 
a)lmpactedside .............................................. 15 

b)Sideview ................................................. 15 . 

Shadowgraphs of shot no. 10973 
a)Sideview ................................................. 17 

b)Topview ................................................. 18 

Distance-time curves of shot no. 10973 ................................ 19 

Photographs of the impacted target, shot no. 10973 ....................... 20 

Shadowgraphs of shot no. 10994 
a)Sideview ................................................. 21 

b)Topview ................................................. 22 

Distance-time curves of shot no. 10994 ................................ 23 

vii 



Fioure Paoe 

2.16 

2.17 

2.18 

2.19 

2.20 

2.21 

2.22 

Photographs of the impacted target, shot no. 10994 
a) Impacted side . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24 
b) Side view, showing the delamination . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24 

Shadowgraphs of shot no. 10998 .................................... 26 

Distance-time curves of shot no. 10998 ................................ 27 

Photographs of the impacted target, shot no. 10998 ....................... 28 

Shadowgraphs of shot no. 10999 a 

a)Sideview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29 ~ 
b)Topview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30 

’ Distance-time curves of shot no. 10999 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31 

Photographs of the impacted target, shot no. 10999 
a)Backside . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32 
b)Sideview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32 

LIST OF TABLES 

Table Paae 

2.1 Experimentaldata . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3 

. . . 
VIII 



1 Introduction 

Modern armour components usually consist of several layers of various materi- 
als with different functions. The backing layer at the rear has to support the 
front layers and to defeat the residual projectile and fragments generated during 

penetration. In order to fulfill these requirements the backing material must 

exhibit not only a high strength but also a sufficient stiffness. Appropriate non- 

metallic materials for this purpose are for example fiberglass reinforced plastics 

(GRP). It is not only necessary to know if the projectile is stopped but also how 
much the armor is bulged during impact in order to guarantee the protection of 
the crew of an armored vehicle or the electronic equipment behind the armor. 
Since there is only very little data available on the ballistic performance GRP and 

composites with a GRP layer it was of great interest to generate a set of data 
on the kinetics of ceramic/GRP targets under impact. Particularly the influence 

of the size of the backing GRP panels on the performance of the targets was 

investigated in this study. 

2 Experimental Program and Results 

Four 12” x 12” x 1.5” GRP (Glass Reinforced Plastics) panels with a 152 mm x 
152 mm x 40 mm aluminumoxide tile attached and three 24” x 24” x 1.5” GRP 
panels with 152 mm x 152 mm x 40 mm alumina tiles attached to each were 
delivered to EMI for ballistic testing. The GRP laminates were S-2 
Glass/Polyester fabricated by Simula Incorporated of Phoenix, Arizona, USA. 
Simula also glued the ceramic tiles to the S-2 glass using standard assembly 
techniques to maintain a consistent bond-interface thickness. The ceramic tiles 
were confined by a steel frame of 23 mm thickness. The thickness of the epoxy 
joint between the tiles and the confinement was approximately 2 to 3 mm. 
During the tests the Ceramic/GRP panels were fixed to a steel frame by screws. 

In all experiments the 55 W hemispherically nosed tungsten alloy penetrator 
was used. The length of the projectile is 55 mm, the diameter 17 mm and the 

mass is 214 g. The impact velocities were chosen close to the ballistic limit, 
which was expected to be 1076 m/s. The ballistic limit velocity was determined 
from parametric tests conducted by the U.S. Army Research Laboratory, 
Aberdeen Proving Ground, Maryland, USA. 

. 
A schematic of the experimental configuration is shown in Figure 2.1. The 
bulging of the GRP panels was observed by means of two Cranz-Schardin cam- 
eras in side view and top view simultaneously. In order to determine the yaw 
one free flight photograph was taken of each projectile at a distance of about 

50 cm to the target. Table 2.1 provides the experimental data of all the tests. 
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Figure 2.1 Schematic of the experimental configuration 
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Table 2.1 Experimental data 

Shot No. vp [m/s1 

10968 1007 

10997 994 

Target Yaw 

Cer/GRP 24”x24” 0 

Cer/GRP 24”x24” 2 

11000 I 1091 I Cer/GRP 24”x24” 0 I 

10973 991 Cer/GRP 12”x12” 2.3 

10994 959 Cer/GRP 12”x12” 4.4 

10998 1001 Cer/GRP 12”x12” 3.4 

10999 I 997 1 Cer/GRP 12”x12” ) 

Shot No. 10968 

In order to be able to observe the beginning of the bulging the heads of the 
screws which fixed the GRP panel to the steel frame were countersunk into the 

GRP. Figure 2.2 shows the complete series of shadowgraphs from the horizon- 
tal and the vertical camera. The time intervals were 20 ,VS between the photo- 

graphs 1 to 15 and 50 pus between the last 5 photographs. The corresponding 
distance-time plots of the bulge at the rear side of the GRP panel are shown in 
Figure 2.3. 

The average velocity of the rear of the panel rises up to about 250 m/s and 
decreases to a few m/s during the first 300 pus after impact. The maximum 
height of the bulge is 35 mm during the time of observation. A static bulge of 
15 mm height remained. Photographs of the target (Figure 2.4) show a delami- 
nation in the rear half of the GRP panel. This delamination could possibly be 
caused by the countersinking of the screws, so that the layers in the rear part 

of the panel were not pressed together and to the steel frame. 

3 



Figure 2.2 Shadowgraphs of Shot No. 10968, side view, vp = 1007 m/s, 
Cer/GRP 24” x 24”, total time 530 ps 
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Figure 2.3 Distance-time curves of Shot No. 10968 
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a) Impacted side 

b) Side view, showing the delamination 

Figure 2.4 Photographs of the impacted target, Shot No. 10968 
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Shot No. 10997 

In this experiment the GRP panel was clamped to the steel frame in full thick- 
ness and bigger washers than in Shot No. 10968 were used. Furthermore, the 

total time of observation was extended to 1.95 ms. The time intervals between 
the photographs 1 to 10 were 50 ps, 100 pus between photographs 10 to 15, 
and 200 pus between the last frames. The series of shadowgraphs are shown in 

Figure 2.5, the corresponding distance-time plots are provided in Figure 2.6. 

The distance-time histories of this shot and Shot No. 10968 are well matched. 
The bulge reaches its maximum height of 35 mm between 300 ps and 400 ys 

after impact which is also in agreement with the first shot. Between 600 pus and 
700 pus after impact the bulge begins to decrease. A displacement of 27 mm of 

the rear of the panel is observed after 1950 ps. The static bulge that remains 
has a height of 15 mm. No delamination of the GRP panel is visible from outside 

which is illustrated by the photographs of the target shown in Figure 2.7. The 

residual projectile has a mass of 47.7 g and a length of 15 mm. 

Shot No. 11000 

The first two tests of the 24” x 24” GRP panels yielded a complete path-time 

history of the bulging process with no failure of the target. Therefore, it was 
decided to perform the third experiment at a higher impact velocity in order to 
test the potential protective strength of this target. Figure 2.8 shows the series 
of shadowgraphs. The time intervals between the photographs were 50 ps. The 
corresponding distance-time plot derived from the recording of the vertical 
camera is shown in Figure 2.9. The shadowgraphs reveal that the projectile 
perforates the target between 200 ps and 250 fls after impact.The blunted nose 

of the residual projectile seems to be visible in the center of the photographs 
no. 6 and 7. The residual velocity determined from these two images is 

= 640 m/s. Figure 2.10 shows photographs of the target. 

8 
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Figure 2.5 Shadowgraphs of Shot No. 10997, side view, vp = 994 m/s, 
CerlGRP 24” x 24”, total time 1950 ps 



Figure 2.5 Shadowgraphs of Shot No. 10997, top view 
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Figure 2.6 Distance-time curves of Shot No. 10997 
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b) Side view, no delamination visible 

Figure 2.7 Photographs of the impacted target, Shot No. 10997 
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Figure 2.8 Shadowgraphs of Shot No. 11000, vp = 1091 m/s, 
Cer/GRP 24” x 24” 
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a) Impacted side 

b) Side view 

Figure 2.10 Photographs of the impacted target, Shot No. 11000 



Shot No. 10973 

In the first shot against a 12” x 12” target the heads of the screws were also 
countersunk into the GRP. The shadowgraphs (Fig. 2.11) show a much stronger 

bulging in comparison to the .24” x 24” panels. The time intervals were 30 ps 

between the photographs 1 to 15 and 60 ps between the last photographs. A 

cloud of particles that have been detached from the rear of the small GRP panel 

can be recognized from picture no. 8. The contour of the cloud, which probably 

consists of epoxy particles, corresponds to the form of the bulge in an earlier 
stage. 

. 

From the distance-time curves (Fig. 2.12) it can be derived that the average 
bulging velocity is about 225 m/s during the first 200 ps and about 90 m/s 
afterwards. The particle cloud becomes visible approximately at the time when 
the decrease in the bulging velocity is observed. The inspection of the target 

revealed that four layers of the glass fiber were completely detached from the 

rear of the panel. The photographs of the target (Fig. 2.13) show a strong 
delamination of the GRP panel. Many layers are torn out at the screws or pulled 
over the washers, which were only slightly bigger than the screw heads. 

Shot No. 10994 

In the second experiment with a 12” x 12” target the bolts were not counter- 
sunk in order to guarantee that the GRP panel was completely fixed to the steel 

frame. The test was conducted at a striking velocity vp = 959 m/s. Figure 2.14 
shows the shadowgraphs which were taken in time intervals of 50 pus from pic- 
ture no. 1 to no. 10, 75 fl.s from picture no. 10 to no. 15, and 100 ps between 
the last pictures. A strong bulging can be recognized which continues during 
the total time of observation (1325 us). The distance-time plots displayed in 

Figure 2.15 show that the average velocity of the rear of the panel decreases 
from about 210 m/s to about 40 m/s after more than 1 millisecond. The photo- 
graphs of the target (Figure 2.16) reveal that the GRP panel was also severely 
damaged by delamination in the rear half and that many layers were torn around 
the heads of the bolts. The projectile did not perforate the target. However, the 
result has to be regarded as target failure. 

16 



Figure 2.11 Shadowgraphs of Shot No. 10973, side view, vp = 991 m/s, 
Cer/GRP 12” x 12”, total time 730 ~.ls 
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Figure 2.11 Shadowgraphs of Shot No. 10973, top view 
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Figure 2.12 Distance-time curves of Shot No. 10973 
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Figure 2.13 Photographs of the impacted target, Shot No. 10973 
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Figure 2.14 Shadowgraphs of Shot No. 10994, side view, vp = 959 m/s, 
Cer/GRP 12” x 12”, total time 1325 fls 

24 



Figure 2.14 Shadowgraphs of Shot No. 10994, top view 
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Figure 2.15 Distance-time curves of Shot No. 10994 
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a) Impacted side 

b) Side view, showing the delamination 

Figur *e 2.16 Photographs of the impacted target, Shot No. 10994 
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Shot No. 10998 

In order to prevent GRP layers from being pulled over the nuts a steel frame of 

10 mm thickness and 50 mm width was additionally clamped to the rear of the 

GRP panel. The test was conducted at vp = 1001 m/s. From the shadowgraphs 
(Figure 2.17) it can be recognized that the projectile perforated the target. The 
time intervals between the first ten photographs were 50 ps. Perforation occurs 
between pictures no. 6 and 7, i. e. between 300 pus and 350 ps after impact. 
The bulge is only a few millimeters higher than in Shot No. 10994 at the time of 
the breakthrough of the projectile. Since no flash X-ray equipment was 

employed in this, test the residual velocity of the projectile could not be deter- 
mined. Only an estimate of the expansion velocity of the debris cloud could be 

derived from the distance-time plots which are displayed in Figure 2.18. Photo- 

graphs of the target are shown in Figure 2.19. The steel frame at the rear side 

of the GRP was also strongly deformed. The edges of the frame which were in 
contact with the GRP were rounded to prevent shear failure. The GRP did not 

fail at these sites. It is assumed that the possibility to absorb energy by elastic 
and plastic deformation of the GRP panel was reduced too much by the steel 

frame, which led to the perforation. 

Shot No. 10999 

In order to allow sufficient bending of the panel and to prevent GRP layers from 
being pulled over the nuts triangular shaped steel plate of 10 mm thickness 
were used instead of washers in the corners of the panel. Bigger washers were 

used at the central bolts. These modifications can be seen from the photographs 
of the target which are presented in Figure 2.22. The test was conducted at vp 
= 997 m/s. The shadowgraphs in Figure 2.20 show that the maximum bulge 

height was reached during the time interval of observation. This can be seen 
more clearly from the distance-time plots shown in Figure 2.21. The maximum 
displacement of the panel was 102 mm and was reached at about 1350 pus after 
impact. The height of the residual static bulge is 54 mm. The photographs of 
Figure 2.22 show delamination and that GRP layers were also torn around three 
of the central screws in this test. 
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Side view Top view 

Figure 2.17 Shadowgraphs oi Shot No. 10998, vp = 1001 m/s, 
Cer/GRP ‘12” x 12” 
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Figure 2.18 Distance-time curves of Shot No. 10998 
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Figure 2.20 Shadowgraphs of Shot No. 10999, side view, vp = 997 m/s, 
Cer/GRP 12” x 12”, total time 1950 ps 
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. Figure 2.20 Shadowgraphs of Shot No. 10999, top view 
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Figure 2.21 Distance-time curves of Shot No. 10999 
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a) Back side ,’ 
‘, 

b) Side view t 

Figure 2.22 Photographs of the impacted target, Shot No. 10999 
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3 Summary 

Ceramic/GRP composites were impacted near their ballistic limit velocity with 
tungsten alloy projectiles. The bulging of the GRP panels was observed by 
means of two Cranz-Schardin cameras and the distance-time histories of the 

bulges were derived from the high-speed recordings. 

In the case of targets with a GRP backing of the size 24” x 24” the projectile (vp 
= 994 m/s) could be stopped without visible delamination of the GRP panel. 

The maximum height of the bulge was 35 mm and was observed between 
300 ys and 400 ps after impact. The remaining static bulge had a height of 
15 mm. 

The 12” x 12” GRP panels exhibited a much stronger deformation. The bulge 

reached a height of about 100 mm after 1.35 ms and a static bulge of 54 mm 

height remained. Delamination of the GRP panel could not be prevented and part 

of the layers were torn around the bolts that fixed the target. 

In Shot No. 11000, where the projectile perforated the target, a residual 
velocity of * 640 m/s was measured. If this velocity were taken as an estimate 

of the penetration velocity the time to penetrate the ceramics would be 62 ~crs at 
most. A bulging of the GRP panels could be recognized for both the 12” panels 
and the 24” panels not before = 50 ps after impact. That means that at the time 

when the bulge begins to form the projectile has already penetrated most part 
of the ceramics and is strongly eroded. The bulging appears therefore to be 

primarily caused by the residual projectile. This means that the ceramic tiles are 
supported by the GRP during penetration for both sizes of the panels. However, 
the 24” panels can absorb more energy by elastic and plastic deformation and 
exhibit therefore much less damage after impact. 
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PSC 802 BOX 15 
FPO AE 09499-1506 

2 DIR LLNL 
ATTN R GOGOLEWSKI MS l290 
R LANDINGHAM L369 
PO BOX 808 
LIVERMORE CA 94550 
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DIR LLNL 
All-N D STEINBERG 
J REAUGH L32 
PO BOX 808 
LIVERMORE CA 94550 

DIR LANi 
AlTN F ADDESSIO 
M BURKEl-t- 
&OS ALAMOS NM 87545 

DIR LANL 
ATTN 
iOS ALAMOS NM 87545 

JET PROPULSION LABORATORY 
ATTN M ADAMS 
IMPACT PHYSICS GROUP 
4800 OAK GROVE DRIVE 
PASADENA CA 91109-8099 

DIR SNL 
ATTN D GRADY MS 0821 
D CRAWFORD ORG 1533 
PO BOX 5800 
ALBUQUERQUE NM 87185 

DIR SNL 
A-ilN M FORRESTAL 
LUK 
PO BOX 5800 
ALBUQUERQUE NM 87185 

DIR SNL 
ATTN J ASAY 
MS 0548 
PO BOX 5800 
ALBUQUERQUE NM 87185 

DIR SNL 
ATTN R BRANNON MS 0820 
M KIPP MS 0820 
PO BOX 5800 
ALBUQUERQUE NM 87185 

UNITED DEFENSE LP 
All-N V HORVATICH 
R RAJAGOPAL 
PO BOX 359 
SANTA CLARA CA 95052-0359 



NO. OF 
COPIES ORGANIZATION 

NO. OF 
COPIES ORGANIZATION 

2 UNITED DEFENSE LP 
AlTN M MIDDIONE 
J MORROW 
PO BOX 359 
SANTA CLARA CA 95052-0359 

1 UNITED DEFENSE LP 
ATTN J JOHNSON 
PO BOX 15512 
YORK PA 17405-1512 

5 IAT 
ATTN S BLESS 
R SUBRAMANIAN 
M NORMANDIA 
T KIEHNE 
H FAIR 
PO BOX 202797 
AUSTIN TX 78720-2797 

1 ALME AND ASSOCIATES 
ATTN M ALME 
9650 SANTIAGE ROAD STE 102 
COLUMBIA MD 21045 

1 NAVAL POST GRADUATE SCHOOL 
ATTN J STERNBERG CODE EW 
MONTEREY CA 93943 

3 UNIV OF DAYTON RSRCH INST 
KLA14 
ATTN N BRAR 
A PIEKUTOWSKI 
D GROVE 
300 COLLEGE PARK 
DAYTON OH 45469-0182 

3 IANXIDE ARMOR PRODUCTS 
A-lTN K LEIGHTON 
V KELSEY 
R WOLFFE 
1300 MARROWS RD 
NEWARK DE 19714-6077 

1 GENERAL RESEARCH CORP 
AlTN A CHARTERS 
5383 HOLLISTER AVE 
SANTA BARBARA CA 93160-6770 

2 

4 

3 

UNIV OF CA SAN DIEGO 
DEPT OF APPLIED MECHANICS & 
ENGINEERING SERVICES Roll 
All-N S NEMAT NASSER 
M MEYERS 
LA JOLLA CA 92093-0411 

POULTER LABORATORY 
SRI INTERNATIONAL 
ATTN D CURRAN 
R KLOOP 
L SEAMAN 
D SHOCKEY 
333 RAVENSWOOD AVE 
MENLO PARK CA 94025 

SOUTHWEST RSRCH INST 
AlTN C ANDERSON 
J RIEGEL 
D LllTLEFlELD 
6220 CULEBRA RD 
SAN ANTONIO TX 78238 

GEORGIA INST OF TCHNLGY 
ATTN K LOGAN 
ATLANTA GA 30332-0245 

AERONAUTICAL RSRCH ASSOC 
AlTN R CONTILIANO 
J WALKER 
50 WASHINGTON RD 
PRINCETON NJ 08540 

CALIFORNIA R!iRCH & TECH INC 
AlTN D ORPHAL 
5117 JOHNSON DR 
PLEASANTON CA 94566 

THE CARBORUNDUM COMPANY 
Al-TN R PALIA 
PO BOX 1054 
NIAGARA FALLS NY 19302 

CERCOM INC 
AlTN R PALICKA 
A EZIS 
G NELSON 
1960 WATSON WAY 
VISTA CA 92083 
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1 BRIGGS COMPANY 
ATTN J BACKOFFEN 
2668 PETERSBOROUGH ST 
HERNDON VA 22071-2443 

1 CENTURY DYNAMICS INC 
ATTN N BIRNBAUM 
7700 EDGEWATER DR 
SUITE 626 8 
OAKLAND CA 94621 

1 APPLIED RESEARCH ASSOC INC 
ATTN J YAlTEAU 
5941 So MIDDLEFIELD REj 
SUITE 100 
LITTLETON Co 801’123 

1 ZERNOW TECHNICAL SERVICES 
ATT-N L ZERNOW 
425 W BONITA AVE 
SUITE 208 
SAN DIMAS CA 91773 

2 ADELMAN ASSOCIATES 
All-N C CLINE 
M WILKENS 
3301 EL AMINO RIAL 
SUITE 280 
ATHERTA CA 94027 

1 CYPRESS INTERNATIONAL 
ATTN A CAPONECCHI 
1201 E ABINGDON DR 
ALEXANDRIA VA 22314 

3 DOW CHEMICAL INC 
ORDNANCE SYSTEMS 
ATTN A HART 
C HANEY 
B RAFANIELLO 
800 BUILDING 
MIDLAND Ml 48667 

1 CALKINS R&D INC. 
AlTN N CALKINS 
515 SEWARD PK AVE 
ALBUQUERQUE NM 87123 

NO. OF 
COPIES ORGANIZATION 

KERAMONT CORPORATION 
ATTN E SAVRUN 
4231 S FREEMONT AVE 
TUSCON AZ 85714 

KAMAN SCIENCES CORP 
1500 GARDEN OF 
THE GODS RD 
COLORADO SPRINGS CO 80933 

SAIC 
AllN J FURLONG 
MS 264 
1710 GOODRIDGE DR 
MCLEAN VA 22102 

BOMBS & WARHEADS BRNCH 
MUNITIONS DIVISION 
AlTN W COOK 
EGLIN AFB FL 32542 

‘ALLIANT TECHSYSTEMS INC 
ATTN T HOLMQUIST 
G JOHNSON 
600 SECOND ST NE 
HOPKINS MN 55343 

GDLS 
A-ITN W BURKE 
J ERIDON 
38500 MOUND RD 
STERLING HEIGHTS Ml 
4831 O-3260 

BATTELLE EDGEWOOD 
ATTN A RICCHIAZZI 
2113 EMMERTON PARK RD 
EDGEWOOD MD 21040 

CORNING INC 
ATTN S HAGG 
SPDV22 
CORNING NY 14831 

COORS CERAMICS COMPANY 
STRUCTURAL DIVISION 
ATTN R PARICIO 
600 NINTH ST 
GOLDEN CO 80401 
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SIMULA INC 
ATJN W PERCIBALLI 
10016 SOUTH 51 ST 
PHOENIX AZ 85044 

O’GARA HESS & EISENHARDT 
Al-l-N C WILLIAMS 
.9113 LE SAINT DR 
FAIRFIELD. OH 45014 

BROWN UNIVERSITY 
DIVISION OF ENGINEERING 
Al-TN R CLIFTON 
PROVIDENCE R102912 

R J EICHELBERGER 
409 W CATHERINE ST 
BEL AIR MD 21014-3613 

BOB SKAGGS 
RT 11 BOX 81E 
SANTA FE NM 87501 

B EINSTEN 
1212 MORNINGSIDE WAY 
VENICE CA 90297 

ABERDEEN PROVING GROUND 

51 DIR, USARL 
AlTN: AMSRL-WT, D ECCLESHALL 

AMSRL-WT-T, W MORRISON 
AMSRL-WT-TD, 

A GUPTA 
A DIETRICH JR 
T FARRAND 
G RANDERS PEHRSON 
J WALTER JR 
M SCHEIDLER 
J SANTIAGO JR 
K FRANK 
S SEGLETES 
M RAFTENBERG 

AMSRL-WT-TC, 
F GRACE 
W WALTERS 
R SUMMERS 
L MAGNESS 
M LAMPSON 
K KIMSEY 
D SCHEFFLER 
G SILSBY 
W DE ROSSET 

AM$RL WT TA 
E HORWATH 
E RAPACKI JR 
W GILLICH 
G FILBEY JR 
W BRUCHEY JR 
Y HUANG 
W GOOCH JR (10 CP) 
H MEYER JR 
M BURKINS 

’ N RUPERT 
T HAVEL 
J RUNYEON 
M ZOLTOSKI 
G BULMASH 

AMSRL-WT-WD, A NIILER 
AMSRL-WT-T, T WRIGHT 
AMSRL-MD-PD, 

S CHOU 
D DANDEKAR 
J MACKIEWICZ 
R RAJENDRAN 

AMSRL-MD-P, D VIECHNICKI 
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3 FRANHOFER INSTITUT FijR 
KURZZEBTDYNAMIK 
ERNST MACH INSTITUT 
ATTN H SENF 
E STRAOBURGER 
H ROTHENHAUSLER 
HAUPTSTRASSE 18 
D 79 576 WEIL AM RHEIN 
GERMANY 

3 FRANHOFER INSTITUT FiiR 
KURZZEITDYNAMIK 
ERNST MACH INSTITUT 
ATTN G SCHRdDER 
A STILP 
V HOHLER 
ECKERSTRADE 4 
D 79 104 FREIBURG , 
GERMANY 

3 DEUTSCH FRANZCjSlSCHES 
FORSCHUNGSINSTITUT SAl,NT LOU& 
ATTN H ERNST 
H LERR 
K HOOG 
CkDEX 5 RUE DU GENERAL 
CASSAGNOU 
F 68301 SAINT LOUIS 
FRANCE 

6 DEFENCERESEARCHAGENCY 
ATTN W CARSON 
T HAWKINS 
B SHRUBSALL 
C FREW - 
I CROUCH 
B JAMES 
CHOBHAM LANE 
CHERTEY SURREY KT16 OEE 
UNITED KINGDOM 

1 DEFENCE RESEARCH AGENCY 
ATTN T BARTON 
FT HALSTEAD SEVEN OAKS 
KENT TN14 7BP 
UNITED KINGDOM 

1 BAlTELiE INGENIEURTECHNIK GMBH 
AlTN W FUCKE 
DUESSELDORFLER STR 9 
D 65760 ESCHBORN 
GERMANY 

1 

5 

1 

1 

6 

1 

1 
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DEUTSCHEAEROSPACEAG 
ATTN M HELD 
POSTFACH 13 40 
D 86 523 SCHROBENHAUSEN 
GERMANY 

RAPHAEL BALLISTICS CENTER 
ATTN Y PARTOM. 
G ROSENBERG 
M MAYSELESS 
ZROSENBERG E 
Y YESHURUN 
BOX 2250 
HAIFA 31021 
ISRAEL ’ 

DYNAMECRESEARCHAB 
ATTN /i PERSSON 
PARADISGRWND 7 
S 151 36 S6DERTALJE 
SWEDEN 

DEFEkE RESEARCH ESTABLISHMENT 
SUFFIELD . 
AlTN C WEICKERT 
BOX 4000 
MEDICINE HAT ALBERTA TIA 8K6 
CANADA 

CENTRE DE RECHERCHES ET D’ETUDES 
D’ARCUEIL 
ATTN F TARDIVAL 
C COTTENNOT 
S JONNEAUX . 
H ORSINI 
D BOUVART . 
S SERROR 
16 BIS AVENUE.PRIEUR DE LA COTE D’OR 
F 94114 ARCUEIL CCDEX 
FRANCE 5 

INGENlEURBijRO DEISENROTH _ 
ATTN F DEISENROTH E 
AUF DE HARDT 33 35 
D 5204 LOHMAR 1 
GERMANY 

CONDAT 
ATTN J KIERMEIR 
MAXILLANSTR 28 
8069 SCHEYERN FERNHAG 
GERMANY 



NO. OF 
COPIES ORGANIZATION 

1 UNIVERSiTiiT DER 
BUNDESWHER MiiNCHEN 
AT~N K TH~MA 
D-65577 NEUBIBERG 
GERMANY 

NO. OF 
COPIES ORGANIZATION 

P 

I . 

1 R OGORKIEWICZ 
18 TEMPLE SHEEN 
LONDON SW 14 7RP 
UNITED KINGDOM 

3 SWEDISH DEFENCE RESEARCH 
ESTABLISHMENT 
AlTNBJANZON . 
I MELLGARD 
L HOLMBERG 
BOX 551 . 
S 147 25 TUMBA 
SWEDEN 

2 tNO.PRINS MAURITS LABORATORY 
All-N H PASMAN 
R YSSELSTEIN 
PO BOX 45 
2280 AA RlilSWiJK 
LANGE KLEIWEG 137 
RIJSWIJK NETHERLANDS 

2 DEFENCE TECHNOLOGY AND 
PROCUREMENT AGENCY 
AlTN G LAUBE 
W .ODERMAlT 
BALLISTICS WEAPONS AND COMBAT 
VEHICLE -TEST CENTER 
CH 3602 THUN 
SWITZERLAND 

1 CELSIUS MATERIALTEKNIK 
KARLSKOGA AB 
AlTN L HELLNER 
S 691 80 KARLSKOGA 
SWEDEN 

1 SWISS FEDERAL ARMAMENT WORKS 
AlTN W LANZ 
ALCMENDSSTRASSE 86 
CH 3602 THUN 
SWITZERLAND 

2 HIGH ENERGY DENSITY RESEARCH 
CENTER 
AlTN G KANEL 
V FORTOV 
IZHQRSKAYA 13 19 : 
MOSCOW 127412 
RUSSIAN REPUBLIC 

1 EMBASSY OF AUSTRALIA 
ATTN R WOODWARD 
COUNSELLOq DEFENCE SCIENCE 
.l601 MASSACHUSSETTS AVE NW 
WASHINGTON DC 200362273 

1 IOFFE PHYSIC0 TECHNICAL INSTITUTE 
AlTN A KOZHUSHKO 
ST PETERSBURG 194021 
RUSSIAN REPUBLIC 

3 AERONAUTICAL & MARITIME RSRCH LAB 
ATTN N BURMAN 
S CIMPOERU 
D PAUL 
PO BOX 4331 
MELBOURNE VIC 3001 
AUSTRALIA 

1 TECHNION INSTliUTE OF TECHNOLOGY 
FACULTY OF MECHANICAL ENGINEERING 
ATTN S BODNER 
TECHNION CITY 
HAIFA 32000 
ISRAEL _ 

2 FEDERAL MINISTRY OF DEFENCE 
DIRECTORATE OF EQUIPMENT AND 
TECH LAND 
ROV2 
A-ITN D HAUG 
L REPPER 
POSTFACH 1328 
53003 BONN 
GERMANY 

3 CENTER D’ltTUDES GRAMAT 
AlTN J CAGNOtiX 
C GALLIC 
J TRANCHET 
46500 GRAMAT 
FRANCE 
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1 ROYAL NETHERLANDS ARMY 
Al-TN J HOENEVELD 
V D BURCHLAAN 31 
PO BOX 90822 
2509 LS THE HAGUE 
NETHERLANDS 

NO. OF 
COPIES ORGANIZATION 

2 NATIONAL DEFENCE RESEARCH 
ESTABLISHMENT 
ATTN S SAVAGE 
J ERIKSON 
FOA 630 
S-172 90. STOCKHOLM 
SWEDEN 

1 ROYAL ‘MILITARY ACADEMY 
AlTN E CELENS 
RENAISSANCE AVE 30 
B-l 040 BRUSSEL 
BELGIUM 

1 MORGAN M(iTROC 
AlTN C ROBERSON 
ST PETERS RD RUGBY 
WARWICKSHIRE CV21 3QR 
UNITED;KINGDOM 

1 OTO BREDA 
ATTN M GUqLCO _ 
VIA VA.LDIOCCH!, 15 
l-19136 LA SPEZIA 
ITALY 

3 SNPE , 
AlTN P FABRE 
C GOUZOUGUEN 
C GAUDIN 
B.P. NO. 2 
91710 VERT-LE-PETIT 
REPUBLIC OF FRANCE 

3 TECHNISCHE UNIVERSlTjiT 
CHEMNITZ-ZWICKAU 
Al-l-Iii L MEYER- 
I FABER 
L KRUEGER 
SCHEFFEL STR 110 
09120 CHEMNITZ 
GERMANY 

1 ETBSIDSTI 
ATTN P BARNIER 
ROUTE DE GUERAY 
BOITE POSTALE 712 
18015 BOURGES CEDEX 
REPUBLIC OF FRANCE 
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